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Errors in Pressure
Gradient Measurement by Continuous Wave
Doppler Ultrasound : Type, Size and Age Effects in Bioprosthetic
Aortic Valves
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The accuracy of continuous wave Doppler ultrasound in deriving
pressure gradients across bioprosthetic heart valves was evaluated
in an in vitro pulse duplicator . Simultaneous pressure transducer
and Doppler measurements were made in new and explained
aortic bioprosthetic valves of several sizes and four types :
Carpentier-Edwards, lonescu-Shiley, Hancock standard and
Hancock modified.
The mean and peak gradients calculated by the modified
Bernoulli equation from Doppler velocity measurements were
always greater than those measured manometrically, despite
corrections for location dependence of the manometric gradient
(or pressure recovery). The relation between manometric and
Echocardiography has gained wide acceptance in the diag-
nosis and follow-up of native valvular heart disease and
prosthetic valve function . Continuous wave Doppler veloc-
ity data, treated with the modified Bernoulli equation . lave
gained wide clinical acceptance for the determination of the
pressure gradient (or more properly, the pressure difference)
across stenotic native and prosthetic valves . The noninva-
sive nature of ultrasound allows avoidance of cardiac cath-
eterization with its attendant high cost and acknowledged
low but present morbidity and mortality . However. the
accuracy of Doppler-derived gradients requires careful con-
sideration because of the many simplifications made in
calculating the pressure gradient from the measured veloci-
ties .
The pressure gradient . or difference betweet, upstream
and downstream pressures during forward
flow . i s highly
dependent on the measurement position relative to the
valve. A general increase in gradient with distance from the
valve (or pressure recovery) results from the inverse relation
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ultrasonically determined gradient wa found to he statistically
dependent on the valve type (mean gradient p 0.0004; peak
gradient p = 0.0003) and size (mean gradient p = 0 .0039 ; peak
gradient p = 0 .0107). Effects of implantation were observed, but
were not shown to be significant .
It is concluded that the continuous wave Doppler velocity data
overestimated prosthetic valve pressure gradient in all cases, even
when pressure recovery was taken into account . Clinicians should
be wary of Doppler data when making major diagnostic or
therapeutic decisions .
lJ
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between flow velocity and pressure 11) . A catheter may not
detect the highest gradient because of this spatial variation in
pressure . Also . pressure gradients calculated from the max-
imal velocity found distal to a prosthetic valve may not
accurately represent the overall stenotic character of the
valve because the downstream velocities in prosthetic valves
vary considerably with position (2). Other variables, such as
heart rate, cardiac output and mean blood pressure . may
affect the relation between Doppler and manometric mea-
surements . lo vivo assessments provide important informa-
tion . but lack of control over these variables may affect the
relation in unknown ways .
The purpose of Ibis study was to directly compare pres-
sure gradients measured by pressure transducer and those
derived from continuous wave Doppler recordings for valves
in the aortic position under controlled laboratory conditions
in a pulse duplicator. Bioprosthetic valves from three man-
ufacturers were tested to determine the effects of valve type
and size on the accuracy of the methods . Both new and
explanted valves .vere tested to assess the effects of implan-
tation . The results were subjected to a thorough
statistical
analysis to evaluate the effects of valve type, size and age .
Background
Clinical and in vitro studies . In numerous clinical assess-
ments (3-?I . continuous wave Doppler ultrasound has been
compared with simultaneous catheter pressure gradient mea-
v,
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surements. An excellent correlation was found between the
two methods
. In one clinical study (6) of Starr-Edwards
valves, however, Doppler measurements significantly over-
estimated the corresponding catheter gradient . Comparisons
have also been made in vitro (7-10) with use of in vitro pulse
duplicators and various types of nonprosthetic valve ori-
fices. Comparisons of mechanical (ID and bioprosthetic
(11,12) valves have also been studied in vitro . In general,
good corelations have been found, but often with Doppler
data underestimating or overestimating the gradient . Hy-
pothesized causes for underestimating the pressure gradient
by continuous wave Doppler ultrasound include failure to
align the beam parallel to the flow iI3) and deterioration of
the Doppler signal by dispersion of
the jet in a small orifice
(8) . A possible reason for overestimation of the gradient is an
anomalous high velocity peak that is not representative of
the overall pressure gradient (11) . Apparent overestimation
may also result if the catheter is not correctly placed at the
maximal gradient at the narrowest part of thejet issuing from
the valve orifice (10,11). This maxima! gradient may be
within the valve orifice itself (I1) .
Pressure gradient. The pressure gradient waveform was
defined as the instantaneous arithmetic difference between
the ventricular and aortic pressure waveforms measured in
the pulse duplicator, Mean pressure gradient was defined as
the arithmetic mean of the pressure gradient waveform
between onset and end-systole, defined as the zero crossings
in the aortic flow waveform . Peak pressure gradient was
defined as the maximal pressure difference in systole .
Pressure recovery . Conservation of energy dictates that
the local fluid pressure will decrease as the local flow
velocity increases, The cross-sectional area of the valve
orifice is at a minimum so that the velocities of the jet
through the orifice (or just downstream at the vena con-
tracta) arc at a maximum and the local pressure is at a
minimum (10,14) . Farther away front the valve, the flow
expands to fill the area of the aorta so that velocities
decrease and the aortic pressure increases asymptotically .
Because the gradient is defined as the ventricular minus the
aortic pressure, it thus increases and then decreases with
distance from the anulus (pressure recovery) . In pulsatile
flows, pressure recovery is defined by using either mean or
peak gradient,
Pressure difference from continuous wave Doppler ultra .
sound
. Continuous wave Doppler ultrasound measures
shifts in reflected ultrasound frequency proportional to all
velocities seen by the beam . The maximal signal is a measure
of the maximal velocity present . In a heart valve, this
maxima! velocity is the high velocity jet flowing through the
orifice .
Doppler ultrasound is often used to calculate the pressure
difference across the valve by use of the Bernoulli equation,
which relates pressure difference with the velocity of the jet
through the valve (13) :
AP
= ;p(v,'-v't
.
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Figure 1 . Schematic drawing of pulse duplicator : A, ventricle ; B,
atrial chamber with mitral valve ; C, aortic chamber with aortic valve
under test; D, compliant aortic tube; E, reservoir; F, motor and
photoelectric switch ; G, flow transducers ; H, ventricular and aortic
pressure signals ; 1, trigger signal from photoelectric switch on
motor : l, ultrasound transducer ; K, amplifiers : L, analog to digital
converter and microcomputer
; and M, Doppler ultrasound system,
where AP is the pressure gradient (mm Hg), p is the fluid
density, v 2 is the velocity distal to the orifice (this) and v 1 is
the proximal velocity (m/s). Acceleration and viscous terms
have been omitted. These simplifications are considered
acceptable because the flow acceleration is zero at peak flow
and viscous friction is negligible compared with inertial
terns at usual physiologic flows, even for significantly
stenotic orifices (3,4) .
Because vt v2 in equation 1, v 1 2 is dropped, giving the
modified Bernoulli equation used clinically (here 4 is the
conversion constant) :
AP=4'v,2 .
121
Methods
Physiologic pulse duplicator. The Dynatek D-I1 physio-
logic pulse duplicator used in this study (Fig . 1) was de-
scribed in detail elsewhere (15) . The driving pressure was
generated by a piston within the ventricular chamber, ad-
justed to provide a constant 70-m1 stroke volume . The
ventricle was filled through an lonescu-Shiley mitral valve
from a fluid reservoir. The aortic chamber accepted different
sizes of prosthetic aortic valves and was connected to a 2-m
long,2.54-cm diameter natural rubber tube that emptied into
the reservoir- Systolic and diastolic pressures were set in a
physiologic range by varying the afterload with five adjust-
able clamps spaced around the rubber tube . The aortic
pressure closely copied a normal physiologic waveform and
yet allowed independent adjustment of systolic duration,
stroke volume and heart rate to provide physiologic volu-
metric flow . Table I shows the test conditions used . Sheep's
blood diluted to I 1 ± 2 % hematocrit with saline solution was
used, with heparin added as an anticoagulant agent . Animal
donors received humane care in compliance with the "Guide
for the Care and Use of Laboratory Animals." prepared by
the National Institutes of Health (NIB Publication 80-'_3 .
revised 1984).
The aortic chamber had dimensions anatomically similar
to those of the aortic root . The chamber end was capped
with a 3-mm thick sonolucent acrylic window 90-mm distal
to the aortic valve . The window allowed ultrasound trans-
ducer placement opposite and perpendicular to the valve .
with the beam parallel to the valvular flow
. At the chamber
distal end, the flow was diverted 60' to receive the ultra-
sound transducer; flow visualization studies (15) showed no
significant alteration in flow pattern near the valve orifice .
Pressure and flow monitoring equipment . Ports entering
the aortic chamber were used to introduce a cannula con-
nected to a pressure '•a nsducer, allowing aortic pressure
measurement as a function of distance from the aortic valve .
for measuring pressure recovery . It was important for com-
parison purposes to measure the highest gradient manomet-
ricatly because continuous wave Doppler ultrasound re-
corded the maximal velocity along the beam . Accordingly,
the highest gradient was found by placing the cannula as
close to the valve as possible (but not within the valve) and
recording the gradient as a function of distance from the
valve . The pressure port at the cannula tip was located
perpendicular to the flow direction to prevent erroneous
conversion of kinetic energy into pressure .
Ventricular and aortic pressures were measured with high
frequency (100-kHz) undamped pressure transducers
(Endevco 8510E-15) . The ventricular transducer was con-
nected directly to the outflow tract, while the aortic trans-
ducer was connected to the cannula . The transducers were
connected to amplifiers IGould 13-4615-50). The calibrations
of the two transducers were carefully matched and the
pressure gradient waveform was calculated digitally after
data acquisition .
A cannulating electromagnetic flow transducer (Hiotron-
ex, 22-mm inner diameter) connected to a Biotronex BL-610
flowmeter was positioned between the aortic chamber and
rubber tube . All output waveforms were observed on a video
monitor, recorded by computer and saved on hard copy
(Gould ES 1000 electrostatic recorder).
Computer data acquisition and analysis, An IBM PC-AT
computer was used for data acquisition and analysis of the
ventricular and aortic pressures. aortic flow and calculated
STEW'sRT FT 11
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pressuic gradicnC waveforms . Signals were recorded after
analog to digital conversion (Metrabyte Dash 16) at a 200-Hz
sample rate . BASIC programs (15) were used for II tries-
ducccalibr
,
tiov .  2) setting stroke volumes
. aortic pressure
and flow rate : 3) data acquisition and scaling: and 41 data
analysis . Signals were recorded for 10 s at heart rates of 60 .
80 . IN and 1'0 -
I beats1min, with mean flow rates of 42 .
5.6 . 7 and 8 .4 ` 0.2 liters'min, respectively . Pressure recov-
cry was measured with the aortic pressure cannula placed at
I - 0 .I cm increments between I and 6 cm distal to the aortic
valve unulu, . The cannula tip was kept away from the
moving leaflets and no attempt was made to place it within
the open valve . Pressure gradients reported in this study
were the maximal values found as the aortic pressure can-
nula was withdrawn from the aortic chamber.
Pressure gradient waveforms were calculated by digital
subtraction of the aortic from the ventricular pressure wave
form . This procedure eliminated errors due to frequency
limitations of differential pressure transducers or differential
amplifiers at onset and end-systole where the gradient rap-
idly changed sign . Undamped ringing of the pulse duplicator
in the pressure waveforms was removed by a digital low pass
filter (161. During analysis, the onset and end-systole wore
verified on an ensemble-averaged aortic flow waveform .
Mean pressure gradient was calculated as the mean value
between onset and end-systole . whereas peak pressure gra-
dient was the peak value in this region . A mean value a SD
was calculated from the 9 to 16 cycles recorded .
Ultrasound system . An Irex Meridian ultrasound system
(Johnson & Johnson) fitted with a 2-MHz continuous wave
Doppler transducer with a velocity range of -6 to +6 mss
was used to measure the valvular flow velocities . Velocities
were printed on hard copy and the spectral envelopes
digitized with use of a digitizing pad (Houston Instruments
1011 'True Grid) and the Autocad computer-aided drafting
software (Autodesk, Inc .). This velocity waveform was
converted to a pressure gradient waveform by using equa-
tion 2 . The mean and peak pressure gradients were calcu-
lated from the pressure gradient waveform (15) and com-
pared with those derived from the manometric pressure
measurements . Standard deviations were based on five
cycles studied per flow rate .
Prosthetic Valves Tested
Definition of size . Prosthetic valves are available in a
limited number of sizes that have been standardized by the
manufacturer and refer to the internal orifice diameter but
are not meant to be exact measurements . The internal orifice
diameter of each valve was measured by calipers before
testing at three equally spaced positions . The average of the
three readings was taken
. In this study we use the term
size" to refer to the manufacturer's designated size and the
term "actual size" or "diameter' to refer to the measured
internal orifice diameter .
3ACC Vol . IF. No .3
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Table 1 . Valve Testing Conditions
Stroke rate Ihcatslminl 5ll . FO. II1I] . CII - I
Stroke volume Imll 70 s I
Cardiac output flit crs'minl 1 .2. ` .6 . 7 .1 . 9 .4
.
tl'_
Systolic duration (%1 111 9 I
Nrmalnctir 1hl I -7
Temperature CO
Systolic pressure (mm
HSI
Diastolic pressure (ram Hot
Mean conic pressure Imm Hut
I'_II - 10
Nn - la
911 III
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Table 2 . Bioproslhetic Valves Tested
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were stored in 1% benzy) alcohol in Dulbecco's solution al
room temperature before testing .
Results
Preliminary analysis
. Significant manometric pressure re-
covery was found in all valves and varied with valve type,
size and flow rate . Comparisons between maximal and
asymptomatic measurements are given in Table 3, with the
average distance from the valve anulus to the maximal
gradient shown in Table 4. Despite use of the maximal
manometric pressure gradient, continuous wave Doppler
ultrasound overestimated the mean manometric measure-
ment in almost every :ase (mean gradients, Fig . 2 ; peak
gradients, Fig
. 3) . Statistical analysis was motivated by
apparent effects of size, type and age in comparisons be-
tween ultrasonic and manometric pressure gradients
. Slopes
from linear regression were all <I, showing overestimation
by Doppler ultrasound combined with valve type depen-
dence (Table 55) . Corrclations in Carpentier-Edwards valves
showed effects of size (Fig . 4, Table 5) . Apparent differences
in slope between new and explanted valves were also seen
(Fig . 5, Table 5). These suggested thai type, size and age
may have significant effects on the degree of overestimation
by Doppler ultrasound. Analysis of covariance also indi-
cated type and age effects (9) . However, these simpler
analyses assumed independence between observations at the
four flow
rates in each valve and assumed that errors were
New bioprostheses . Three sizes (19, 23 and 27 mm) of four
types (Curpentier-Edwards, Hancock standard orifice, Han-
cock modified orifice and lonescu-Shiley) of new and ex-
planted bioprosthelic valves were considered for this study,
with three samples of each ; however, valves were not
available in all sizes . Table 2 summarizes the new biopros-
thelic valves actually tested .
Explants. Twelve explanted bioprosthelic valves of three
types-Carpentier-Edwards, Hancock standard orifice and
lonescu-Shiley-were tested . Table 2 shows sizes and types
of explanted valves tested . In sonic cases, the manufactur-
er's designated size was not known
; however, all valves
were measured by calipers and, in cases of unknown manu-
facturer's size, a designated size was assigned on the basis of
the measurement . After explantation, the explanted valves
Table 3. Magnitude of Pressure Recovery in New Bioproslhetic Valves
Data are mean values x I SD In = 3) . 'Maximal gradient found between I and 6 cm from the valve anulus : }gradient at 6
cm from the valve anulus
.
Valve Type
Size
[mm)
Difference Between Maximal" and Asymptotic+ Gradients at Mean Flow Rates (liters/min)
42
5 .6
7.0 8.4
'dean Pressure Gradient main HgI
Carpenner-tidwards I9 7.13
-
1.00 9.97 x 0 .35 14 .73 0 0.74 21 .87 ± 3 .76
27 3.63 x 0 .23 5.30^--0 .35 6 .90!0.30 9 .00±1 .40
Hancnck mrdified
19 8.93'_ 0
.75 13.37 x 0 .92
17
.43 - 2.54 26 .37 t 1 .82
23 10 t 0 .53 9.70 t 0 .92 13 .07 x 2.29 16 .93 t 1 .86
Hancock standard 19 9 .27_ 3 .55 15.70 a 5 .28 20.67
t
5.99 27 .10 - 8.84
23 6 .23 *_ 2 .21 9 .730-2 .11 13 .97-4.50 18 .83x4.89
27 6 .23 * 2 .90 7 .67 t 1 .89 11 .33 t 3.05 14 .60 * 3.90
lanecca-Shilcy 19 7 .53 x 1 .35 10 .23 *- 2.37 14 .33 ! 3.31 20 .0 t 5.65
23 5 .03 2.31 6.33x229 8.77 3 .65 10.10 0003.18
27 4 .17 x 0.40 5 .37 t 0.21 7.30 t 0 .56 8.80 x 1 .30
Peak Pressure Gradient In
. Hg)
Carpcntier.Edcerds
19 14
.10 *_ 2.56
21 07 m 2.72 29
.50 t 2 .91 45 .33 _ 5.01
27 5 .53 .1 .77
7.40
1 .57
12
.37 t 1 .68 17.20 00
2.78
Hancock modified 19
14
.70 x 2
.52 23.90 5
3.58
33
.51 x
7 .35
48.37 x 4.74
23
IO-53 t 1 .17
16.43 `- 1.82 23
.27 x 3 .32 3197 - 5
.03
;Osseeck standard 19
16.23 x 7
.47
26 .70
0 8 .06
38 .57 v 9.58 51.97 x 16 .52
23
10 .77
0
2.89 16 .30 t 3 .90 24.60
x
6.28 34
.20 x 8 .01
27 8 .90 x 3 .40 11 .37 S 3 .88
17
.87 '- 4.76 23.67 t 3 .97
lonescu-Shiley 19 12 .77 t 3 .26 18 .40 t 4 .44 26 .50 *_ 6.17 34.73 0 8 .04
23 6 .53 x 2 .52 7 .77a2 .ei
11
.80x5.37 14.87x5 .41
27 4 .77 x 0.61
6 .40! 0.30 8
.50 x 0.44 11 .10 x 1,44
Honcho met'Type sue (mml
Nea' calves in - 3 per s cal
Carrsr ier-Edwmd, 19 27
Hancock modified orifice 19 23
Hancnck standard orifice
lonescu- .Shilcy
19
19
23
23 27
Explanred valve, In = 1 per size except '0 = n
27' 29Carpenter-Edwaedz 23
Hancnck aanda,d ed5ce 21 23 25' 27
Ionescn-Shilcy 21 23 25
iniC vat . i s. vo . 3
September 1991 769-19
Table 4 . Position of Maximal Pressure (iradients in New
Bioprosthetic Valves
n = 3 valve samples x 4 flaw mleslsample = I' .
not dependent on the actual pressure gradient . More sophis-
Scated statistical techniques were needed .
Overestimation by continuous wave Doppler ultrasound .
Before looking at the ultrasonic and manometric measure-
ments for all valves (Fig . 5), one might hypothesize that x =
Doppler gradient should match y = manometric gradient and
the discrepancy y - x should be due only to random
fluctuation . Therefore, y - x values for the same valve at
different flow rates should center around zero and should be
indistinguishable from y - x values measured on different
valves. However, the data in Figure 5 contradict these
assumptions . If the two methods agreed within a random
fluctuation, then about half In
-
84) of the 168 (x .y) pairs
would be expected to be below and half to he above the
identity line y = x . In fact, 98% (n = 1651 of the mean pairs
Figure 2 . Mean pressure gradients. Continuous wave
Doppler ultrasound versus manometric measure-
ments in new bioprosthetic valves : variation by valve
type . Clockwise from upper left : 0 Carpentier-
Edwards, A Hancock standard orific . . 77 Iorescu-
Shiley, O Hancock modified orifice
.
- -
linear
regression ; --- = line of identity .
STFwSRTFT :\L
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and 94'> to -= 1581 of peak pairs are below the identity line .
Also
. '_ of 3
mean pairs above the identity line are from the
same valve and 4 of the 10 pairs of peak pairs above the
identity line were from one valve . This rules out indepen-
dence of v - s values measured in the same valve .
Though it cannot he assumed that the four v - x
differences in a given valve are independent . the vol
measurements clearly do not fall on the identity line within
random error. If they did, then the probability that all four
y - x differences for a given valve are negative would
be at most 30% . With a conservative use of 501, for this
probability.
about half (n = 21) of the 42 valves would
be expected to exhibit this property . with an SD of 3 .24
1 -
10.5 0 .5 421'^-l . The actual number of valves with nega-
tive values for all four y - x mean gradient differences was
40 of 42 . 5 .86 SD above the expected number. Similarly . 36
of the 42 valves had all four y - x peak gradient differences
<0, 4.63 SD above the expected number . It is therefore
highly likely that Doppler ultrasound overestimated the
pressure gradient relative to the manometric measurements .
Regression analysis . Manometric versus Doppler mea-
surements appear to fall on a line . though not the identity
line . Because the manometric measurement is the older
standard, it is tempting to fit a line by regression, as in
Figures '_ and 3 . and use it to predict future manomelne
gradients from ultrasound readings
. Though this has often
been done 18,12). there are at least four complications :
I I there is error measuring both x and y values ; 2) the four
observations on each valve let the four flow rates) are not
independent : 3) the error increases with pressure gradient :
and 4) the type, size and age may affect the fitted regression
line . Depending on the use made of the regression line, error
measuring both x and y values can be troublesome . Regres-
sion analysis may not be useful in assessing agreement
co
0
20 <o 50 80 0
20 a3 60 so
mean PNesscro Grcdien
: . Ultrosocnd (mm Hg)
Posmoa of ma-'] Gradiem cm1
Imean - I SD'1
Valve Type
Sire
Imm)
M1fean Preuun
Gradiennmm Hgl
Peak Prenurc
Meadow Imm He,
Carpemier Edwerds 19 1 83 -0 .39 1 9'
-
n'9
27 1 .83-0 .39 175-0.5
Hancock modified 19 1 .93 - 039 1 .93 - 0.9
23 1-83 0 .39
1
Hancock standard 19 2 .08 ! U l 2 2i = 0 4>
'3 1,67
,
3.99 1,67 r 0 49
27 1 .75 x 11.97 1 .75 0
(1
.97
lonescu-Shiley 19 2,08
t
0.'9 ' 08
-
0 19
23 2.00 0_ 0.00
' .00
. 0
.00
27 2.00 - 0,00 2 .00
.
0.00
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Figure 3 . Peak pressure gradients, Contimuas
wave Doppler ultrasound versus manometric mum
ements in new bioprosthetic valves: variation by
valve type. Symbols and abbreviations as in Figure
2,
between two clinical methods of measurement because a in each valve (at the four flow rates) are not independent was
high R value can conceal large differences (17) . However, if already described . There is really a unique regression line for
the primary use of the regression line is to predict future y each valve (going through data at the four flow rates) ;
values from corresponding x values, then standard regres- corresponding slopes and intercepts can be considered to be
sion is appropriate (18) . Evidence that the four observations random . Assuming a single regression line and not recogniz-
Table 5. Linear Regression Analysis of UlleasoniclManometric Pressure Gradient Relations : Effects
of Valve Type, Size and Age
Size
(mm)
n
slope Imercepr rr
'n = noo of observations - 4 z no. of vale-
. 'Assumes observations are independent .
Valve type
New Carpentier-Edward,
New Hanenek standard
New Huravvk mndilled
New loneacu-Shilvy
Valve
New Carpentier-Edwards
New Carpentier-Edwards
Aee
All new valves
All explanted valves
All
All
All
All
19
27
All
All
24
36
24
36
12
12
120
48
0 .532
0.847
0.810
0.675
0.408
0.175
0.750
0.614
0,832
-0.107
-0,754
-0.114
7.869
5.374
-0.529
0.040
0 .923
0 .978
0 .953
0.979
0.859
0.783
0.936
0
.921
Peak Pressure Gradient
Vulva type
New Carpentier-Ed-ds All 24 0.785 -1.382 0.985
New Hancock standard All 36 0.910 -1.006 0.980
New Hancmk modified
All 24 097R -3,811 0.990
New lonescu-Shiley All 36 0.922 -2 .861 0 .989
Valve
New Carpemier-Edwards 19 12 0 .806 -2,550 0,978
SawCaspemier-Edwards
27 12 0 .535 6 .019 0 .938
Age
All new valves
All 120 0 .897 -2 .039 0 .979
Allexplanted
elves
All 48 0 .809 -1 .761 0,965
JACC Vol . 18, No . 3
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Mean Pressure Gradient, Ult-asodrd (r-iT Hg)
Figure4. Mean pressure gradients
. Continuous wave Doppler ull
sound versus manometric measurements in new Carpentier-
Edwards valves: variation by valve size . 19-mm valves: , _
measured data, -- - linear regression ; 27-mm valves: C = mea-
sured data, -= linear regression; --- = line of identity.
ing the dependence of observations from the same valve
can invalidate inferences . Therefore, slopes and intercepts
were computed for each of the 42 different valves, each
based on the four (x .y) pairs corresponding to the four few
rates.
Regarding the problem of the error increasing with the
pressure gradient, evidence that differences between mea-
surements tend to increase with pressure gradien, can be
seen in Figure 5
. This can be partly explained by the
complication of the four observations in each valve not being
independent
: lines for different valves may all cross near the
origin but with different slopes, resulting in the fanning of
points seen . Standard deviations of readings also increased
with the gradient, as in Figures 2 and 3 where error bars
represent •- I SD . Similar increases in SD at highergradients
can be seen in previous studies (11) . It is common in such
Figure 5 . Mean pressure gradients: continuous wave Doppler ultra-
sound versus maro.actric pressure gradient measurements in new
versus explanted bioprosthelic valves. New valves: C
-
measured
data ; - (middle) -
linear regression . Exnlanted valves: C =
measured data; (hotlnm) = linear regression : --- Itop) = line of
identity .
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Table Ii . -A1,11',-0 of Regression Slopes 13,1-ca Ultrasound and
Manometric Prescare Gradient .Measurements for Nevi
Biupro,t.clic .Aur(ic Velvcs
'Sla as a clew 0ariable . sNOVA = aeolg-of .,mono-r .
situations to stabilize the variance by transforming the data .
In this case, a logarithmic transformation was performed on
the x and y measurements . Subsequent analyses were per-
formed on the transformed data .
Analysis of variance with size a class variable . Finally, one
of the main questions of this <tudy can be addressed, as
wised
: does overestimation by Doppler measurements de-
pend on the type and size of the valve and on whether the
valve was new or explanted^ To answer this . anaiysis of
variance was performed on the 42 slopes of the log(%)
versus log( a) regression . with type . size and age as factors .
Because the size of most of the explanted valves differed
from that of the new valves, it was nearly impossible to
compare new and explanted valves . The few explanted
valves of the same size as the new valves did not show
statistically significant differences between new and ex-
planted valves. Attention was therefore focused on the 30
new valves in case differences due to the nonuniform sizes
between the new and explanted valves obscured size effects
on the regression slopes . Analysis of variance was initially
based solaaly on the 30 new valves . The dependent variable
was the slope of the regression line and the factors were
valve type and size. A (valve type) x (valve size) interaction
was originally included, but was not significant and was
therefore absorbed into the error. This was true of both
mean and peak gradient .
Both floe size and type of rake trere found to be signift-
rant (Table 6) . For mean pressure gradient, Carpentier-
Edwards valves yielded the smallest slopes (and thus had the
highest overestimation by continuous wave Doppler ultra-
sound at the higher pressure gradients), followed by Han-
cock modified, Hancock standard and lonescu-Shiley
valves . Pairsvise comparisons were made (Table 7)
. The only
pair that was not significantly different was the Hancock
modified and Hancock standard pair
. For peak gradient,
again Carpentier-Edwards valves yielded the smallest slopes
(and had the highest overestimation by continuous wave
Doppler ultrasound at the higher pressure gradients) .
followed by Hancock standard, Hancock modified and
lonescu-Shiley valves
. For peak gradients, Carpentier-
Edwards, Hancock modified and Hancock standard valves
were not (pairwise) distinguishable from each other, but all
were distinguishable from lonescu-Shiley valves (Table 7).
Source
P'.3 s of
Freedom F veto: o Vuluc
Mean pr;,,urvFradlert Type 3 14 .24 X3,0001
S(vu` ' i .9 00089
Peak
pressure
:radiant Lire 3
121
(1-(3013
S(ac' I Ir.0107
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Table 7. .ANOV,A of Regression Slopes Between Ultrasound and
Manometric Pressure Gradient Measurements for New
Biop rosthetic Aortic Valves : Pair wise Comparisons
ANOVA =
analysis
of variance', AP= pressure gradient
.
For both citron and peak pres.snre gradients, the slope
was inversehy related to valve size . The smallest slope (and
highest overestimation by continuous wave Doppler ultra-
sound at the higher pressure gradients) was associated with
the 27-mm valves, the next smallest slope with the 23-mm
valves and the largest slope (and lowest overestimation by
continuous wave Doppler ultrasound at the lower pressure
gradients) with the 19-mm valves . In pairwise comparisons,
only the comparison between the 19- and 27-mm valves was
statistically significant (p = 0
.0025 for mean pressure gradi-
ent and p = 0 .0029 for peak pressure gradient), but the trend
held across all three size groups,
A similar analysis was carried out on the intercepts .
Larger slopes were associated with smaller intercepts . For
example . as the size of the valve increased, the slope
decreased and the intercept increased . Similarly, although
Carpentier-Edwards valves were associated with the small-
est slope, they were also associated with the largest inter-
cept .
Analysis of covariance with size as a continuous variable
.
Valves from different manufacturers but of the same re-
ported size were observed to differ considerably in actual
size . Diameters were measured and differences between
actual and reported diameters calculated . Carpentier-
Edwards valves had the smallest discrepancies, averaging
2 .7 w 0 .6 mm, whereas the lonescu-Shiley valve had the
largest (3 .6 m 0 .8 mm) . Hancock standard and Hancock
modified valves averaged 3 .3 ± 0 .9 and 3 .0 ± 0 .2 mm,
respectively . Because this may have affected the results
reported, the analysis was repeated using actual rather than
reported measurements, with size now treated as a continu-
ous rather than a class variable, This procedure allowed
inclusion of explanted valves even though their sizes were
not entirely consistent with those of the new valves . The
dependent variable was the slope of the regression line
between log(x) and log(y) in each valve and the independent
variables were type, actual size (or diameter) and status
(new or explanted) . Initially, the variable indicating whether
the valve was new or explanted was still not statistically
significant and was therefore absorbed into the error.
The results were .sirrrilar to those using size as a class
variable .
Type and actual size (or diameter) were both
significant: p < 0.0001 and p = 0.0320, respectively . for
JACC Vol. 18, Nn. r
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mean pressure gradient, and p = 0 .0057 and p = 0.0189,
respectively, for peak pressure gradient . Carpentier-
Edwards valves were associated with the smallest slopes and
lonescu-Shiley valves with the largest (true of both mean
and peak pressure gradients) . The diameter coefficient was
negative for both mean and peak pressure gradients, indicat-
ing an inverse relation between the slope of the log(x) versus
log(y) line and size of valve, This was consistent with results
using size as a class variable .
Discussion
Difference in mean and peak pressure gradients
. More
overestimation by Doppler ultrasound was present for the
mean than for the peak gradient, even for the same valve .
Differences between mean and peak gradients have been
reported (11), though greater overestimation of mean gradi-
ents was found, Although The relation between mean and
peak in sine waves is known, the relation in other waveforms
is dependent on the harmonic content. The shape of the
gradient waveform derived from Doppler ultrasound can be
qualitatively different from the manometric one (5) . A differ-
ence in the shape of the two waveforms may explain
difference in slopes between mean and peak gradients . At
peak flow, the acceleration term in the modified Bernoulli
equation is ignored . Although this may be acceptable at peak
flow, it is not throughout systole, over which the mean is
calculated, because of accelerations at onset and end-
systole. Such differences in applicability of the Bernoulli
equation over the cycle may explain differences in the shape
of the two waveforms .
Overestimation by Doppler ultrasound . Significant dis-
crepancies were found between Doppler and manometric
gradients, despite using maximal gradients found with the
cannula
. Doppler overestimation may be due to 1) proximal
velocities neglected in the modified Bernoulli equation (I1) ;
2) residual pressure recovery, where the true maximal gra-
dient falls outside points measured by cannula (10) ; and
3) localized gradients that do not reflect the average gradient
present across the valve orifice (1t) . In proximal velocities
and residual pressure recovery, the Doppler measurement
would overestimate the "true" gradient, whereas the ma-
nometer would underestimate gradients in residual pressure
recovery .
Concerning proximal velocities, this study
was designed
to use common
clinical methods
.
Though a possibly more
accurate equation has been reported (14), equation 2 is still
commonly used (5,6,11). For each flow rate, proximal ve-
locities were considered uniform because the same rigid
outflow tract was used for each valve
. Estimates of proximal
velocities and resulting errors in pressure gradient are given
in Table 8
. Estimated errors in mean gradients, all
<3 .75 mm Hg, were not enough to account for all the
overestimation seen in this study . These cannot explain the
valve type dependence because the errors would not be
expected to vary significantly with valve type
. A previous
Valve Type
Mean AP
(p Value)
Peak OP
In V.1.0
Carp-
erEdwards vs .
Hancock standard
0.00!14
OT2186
CarpentorE6wardsvs .lonescu'Shiley <O .ctal -50,0001
Carpenlier-tdscaedc vs . H;mcock modified 00088 0,1482
Hornet aaredard vs. lone-Shiley 0 .0125 0 .0005
Hancock standard vs. Hancock modified 0 .4329 0 .6451
Ion-.Shiley as, Hancock modified 0 .0046 0 .0062
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report (6) has shown overestimation by Doppler measure-
ments, even when the modified Bernoulli equation was
corrected with the proximal velocity as found by pulsed
Doppler ultrasound
.
Regarding residual pressure recovery, apparent overesti-
mation by Doppler measurements in Hancock valves has
been attributed totally to pressure recovery (I1), This oc-
curred only when manometric readings were taken 3-cm
downstream of the valve
. Excellent agreement was found
when the catheter tip was placed at the highest obtainable
measurement 2 cm from the sewing ring. In most cases in the
present study, maximal gradients were also found around
2 cm from the valve anulus (Table 4), which, for Hancock
valves, agrees well with the previous study (111 . Overesti-
mation was still found . Only minimal pressure variations
were found between adjacent locations 1-cm apart, averag-
ing 12.9% (SD =6
.8%, n = 563) of the maximal gradient;
therefore, undetected variations of this magnitude would not
be enough to account for the large discrepancies seen in this
study .
Concerning localized gradients, velocity profiles have
been shown to be highly variable distal to both bioprostheses
(2) and mechanical valves (19) . Overestimation by Doppler
measurements may result from these spatial variations in
how velocities, which may not accurately represent the
behavior of the valve as a whole (11) . A small locus of high
velocities would be expected to be easily found by continu-
ous wave Doppler ultrasound .
Both residual pressure recovery, where the true maximal
gradient fell outside points measured by the cannula, and
localized gradients that do not reflect the average gradient
present across the valve orifice reflect the significant spatial
variations of the velocities and pressures distal to prosthetic
valves . Quantities that vary in this way cannot be adequately
characterized by a single measurement . By their nature .
Doppler ultrasound and catheters draw different but possibly
overlapping subsets of information from the flow field sur-
rounding the valve .
Valve type dependence . With mean pressure gradients .
the only pair of valves with slopes not significan .iy different
were the two Hancock valves . Witli peak gradients, the
slopes of the pericardial valve (lonescu-Shiley) were signif-
icantly different from those of the three porcine valves
.
whereas the porcine valves were not significantly different
srEwARI Er AL .
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Table 8. Approximate Errors in Neglecting Proximal Velecirr !n the Modified Bernoulli Equation
'Calculated front flow rote and
omit-
uaa geometry lasmmiva blur' sooty
profiler:
.<akulared a, S^_mean
proximal velocity : teakulared ac 44m- proximal velecilyl= : ie:kuLl :ed a, a peak proximal urlocilyl =2
from each other. The main difference in the two Hancock
valve types (the replacement of the porcine leaflet with the
muscle shelf with one without the shelf) may not significantly
affect the flow . However, many differences exist between
porcine and pericardial valves, such as type of tissue used in
the leaflets . -thus, valve design may play an important role in
flow fact- affecting the relation between the two gradient
measurements .
Residual errors due to pressure recovery and localized
gradients may partly account for the valve type dependence
of the overestimation by Doppler ultrasound . The different
valves tested had different pressure recovery characteristics.
Although care was taken to measure the maximal pressure
gradients
. residual errors if present would likely be valve
dependent
. In a previous study (11), discrepancies were
greater in St . Jude than in Hancock valves . To correct for
these . the catheter tip had to be located within the leaflets in
St . Jude valves but 20 mm from the sewing ring in the
Hancock valves
. Although the location of the maximal
gradient did not vary between bioprosthetic valve types to
this extent, the observed variations that were seen may have
been enough to cause some but not all of the valve type
dependence .
Localized gradients act representative of the pressure
gradient of the valve as a whole may be highly valve
dependent. The dependence of orifice velocity profiles on
valve type has been documented (2,19).
Type-dependent
localized gradients may have caused some of the observed
variations in slope .
Previous studies (3-5) have reported highly accurate
estimation of gradients by Doppler ultrasound, with regres-
sion slopes near I and high R values- but it is unclear why
overestimation by Doppler ultrasound was not found . One
could argue that overestimations seen in our study were due
to systematic bias of the pulse duplicator system
. Even if
true . the valve type dependence of the slopes remains
statistically significant
. If one valve could be shown to have
perfect estimation of pressure gradient by continuous wave
Doppler ultrasound, then other valves, whose degree of
overestimation was significantly different, would of neces-
sity have pressure gradients that are either over- or under-
estimated by Doppler ultrasound . In the unlikely case of a
svstematic hias in these results, the valve type-dependent
- Skan Flaw Rate, rblerraninl
Meawremeat iv 7 .0 8 .4
Mean proximal velocity`
Im'sr 0 .51
-
0111 1166
-
n11'_ 0.81 _ 0 .03 0 .07' 0d4
Peak proximal velocity' Ims) 1 7 c 11112 11,93 - 010 1 .15' 0_05 I?7 - 0.05
Error in mean pressnr grailiorrterm Hgl 1 .07,0 •4
6
IR-0
.10 2Ns 0,17
J14 a'
Error in peak pressure gradient§ inn Hgl
2 .00-0.1I
1 .7
11
'1'-0
.,9 209 .1114
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inaccuracy of Doppler-derived pressure gradients remains
an important finding of this study .
Valve size dependence . Size has been shown previously
to affect the relation between pressure gradients determined
by manometry and ultrasound . A study of St. Jude and
Hancock valves showed valve size dependence (11), with
smaller valves showing greater overestimation . In in vitro
correlations in tunnel-like orifices (7), slopes were approxi-
mately I for tunnels c0.5 cm'` in area ; underestimation
by Doppler ultrasound was found in tunnels with areas
<0 .25 cm'. In the present study, smaller diameter valves
were found to have the least overestimation (however,
this effect was gradient dependent because the intercepts
were different). Although the results of the two studies are
consistent . the valves had orifice areas >0 .25 cm' . Fluid
mechanical effects may relate size to the degree of Doppler
overestimation, but comparisons between simple orifices
and bioprosthetic valves are difficult to make
.
In data from simple orifices, equation 2 had an exponent
closer to 2.11 than to 2 (8) . When this modified form of
equation 2 was used, the slope was close to I . The consistent
overestimation by Doppler measurements in the present
study may also be due to limitations (other than simply
ignoring the proximal velocity) in the simplified model of
equation 2
. For example, equation 2 assumes laminar flow
and lack of viscous dissipation
. If turbulence depends on the
valve design and size, then the concomitant viscous dissipa-
tion may make the relation dependent on valve type and
size . This type of valve-dependent mechanism may partly
explain the differences in slopes seen for the different valve
types and sizes. Dissipation would tend to make Doppler
ultrasound underestimate the gradient, so this effect would
have to act in combination with some other mechanism that
increases the overall perceived Doppler gradient .
Valve type versus size. Discrepancies between the manu-
facturer's labeled size and the measured internal orifice
diameter suggest a possible cause of valve type dependence .
In every analysis, a significant size effect was found . One
might hypothesize that differences in overestimation be-
tween valves from different manufacturers were due solely
to the valve type-dependent discrepancies between desig-
nated and actual size
. For example, if manufacturer A's
19-mm valve had a measured diameter of 19 mm, and
manufacturer B's 19-mm valve had a measured diameter of
20 mm, then the size difference alone might account for the
difference in slope between the two valve types.
However, the analysis of covariance using the measured
diameter as a continuous variable accounted for the discrep-
ancy and the valve type effect remained significant . There-
fore, discrepancies between designated size and internal
orifice diameter can be ruled out as the cause of the valve
type dependence, In fact, both size and type of valve had
significant effects .
Age effects: new versus explanted valves. In the regression
analyses (Fig . 5, Table 5), overestimation of gradients by
continuous wave Doppler ultrasound in explanted valves
JACC Vol . 18, No. 3
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appeared more severe than in new valves
. Changes in the
relation after implantation were hypothesized to he due to
fluid effects related to increased stenosis, decreased compe-
tence and stiffening as a result of calcification . Although
stenosis and leaflet stiffening would be expected to increase
both Doppler and manometric gradients, these effects com-
bined with leaflet tears were theorized to have caused high
velocity spikes or high transient velocities associated with
turbulence. If present, such velocity spikes or transient
velocities would not necessarily represent the pressure loss
of the valve overall but would elevate the Doppler gradient
calculated by the Bernoulli equation .
However, better statistical analyses did not confirm a
significant difference between new and explanted valves,
despite having accounted for differences in size between
explanted and new valves by taking measured diameter as a
continuous variable . This may in part be a result of the
limited number of explanted valves tested (n = 12) compared
with the number of new valves (n = 30)
. This lack of
significance is contrary to our previous report (9) detailing
valve type dependence of Doppler/manometric gradient cor
relations using simpler statistics . In the previous report (9),
lack of independence of the four tests on each valve was not
accounted for, so the effective n value was higher (n = 12
valves x 4 flow rates used = 48) . A valve being new or
explanted was found to be statistically significant at the p <
0.0001 level. This demonstrates how sensitive such analyses
can be. It should be noted that most other studies comparing
pressure gradients obtained by manometry and ultrasound
have made no effort to account for valve type or size
dependence, errors dependent on the magnitude of the
pressure gradient or the lack of independence between
measurements in the same valve
.
Conclusions. Significant overestimation of pressure gra-
dient by continuous wave Doppler ultrasound was found in
vitro, even when care was taken to use the maximal mano-
metric gradient as determined by pressure recovery studies .
Comparisons between Doppler and manometric measure-
ments showed a statistically significant dependence on valve
type and size
. The relation appeared to change after implan-
tation, but no statistically significant differences using the
techniques described here were found . These effects should
be the subjects of future in , itro, animal and clinical studies.
Special care is recommended in choosing the statistical
analysis methods to be employed . In particular, the lack of
independence between measurements on the same valve,
errors dependent on the magnitude of the pressure gradient
and valve and size effects should be taken into account .
This valve type- and size-dependent overestimation of
pressure gradient by continuous wave Doppler ultrasound
suggests that similar effects may be sources of errors in vivo .
The possibility of errors in the measurement of pressure
gradient by continuous wave Doppler ultrasound should be
considered carefully by clinicians
.
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